Spin waves are excitations in ferromagnetic media that have been proposed as information carriers in spintronic devices with potentially much lower operation power than conventional charge-based electronics. The wave nature of spin waves can be exploited to design majority gates by coding information in their phase and using interference for computation. However, a scalable spin wave majority gate design that can be co-integrated alongside conventional Si-based electronics is still lacking. Here, we demonstrate a reconfigurable nanoscale inline spin wave majority gate with ultrasmall footprint, frequency-division multiplexing, and fan-out. Time-resolved imaging of the magnetisation dynamics by scanning transmission x-ray microscopy reveals the operation mode of the device and validates the full logic majority truth table. All-electrical spin wave spectroscopy further demonstrates spin wave majority gates with sub-µm dimensions, sub-µm spin wave wavelengths, and reconfigurable input and output ports. We also show that interference-based computation allows for frequency-division multiplexing as well as the computation of different logic functions in the same device. Such devices can thus form the foundation of a future spin-wave-based superscalar vector computing platform.
waveguide. Operation frequency 13.9 GHz, magnetic bias field µ 0 H ext = 80 mT.
F the characteristic dimension of the device that is (much) smaller than the spin wave attenuation length. For F 2 transducers at the ports, the inline spin wave majority gate occupies an ultrasmall area of 16 F 2 (20 F 2 for a device with two output ports and thus a fan-out of two), much smaller than CMOS implementations and even significantly smaller than trident-based spin wave majority gate designs. Using microwave signals at the input ports, coherent spin waves of unit amplitude are launched at the three input ports and propagate in the waveguide. Binary logic signals are encoded in the phases of the individual spin waves using phases of 0 and π as logic 0 and 1, respectively. Constructive or destructive interference leads then to an output wave with a phase that corresponds to the majority of the individual spin wave phases, MAJ (ϕ 1 , ϕ 2 , ϕ 3 ), with MAJ being the ternary majority operator (Fig. 1b) . The amplitude of the output wave can also give information whether weak or strong majority is obtained. The generalisation to majority gates with more than three inputs is straightforward.
To obtain a functionally complete set of logic gates, the spin wave majority gate must be complemented by another wave-based logic gate. Inverters (logic NOT) provide a highly appealing solution since their implementation in phase-coded wave-based computing corresponds to a simple phase shift by π. In contrast to CMOS technology, wave-based inverters do not need to be separate logic gates but can be integrated in the majority gate design.
Physical implementations can be based on a spin wave delay line with a length of i − 1 2 ×λ, with i = 1, 2, 3, . . . an integer and λ the spin wave wavelength, which can be e.g. realised by
shifting input or output ports away from their equally-spaced positions. In addition, shifting the phase or reverting the polarity (signal vs. ground) of an input or output port can also be used to invert the logic signal. These implementations lead to little to no increase in device area, and, in the second case, to no additional restrictions on operating conditions. Implementation. Miniaturising spin wave majority gates to nm dimensions allows for the usage of ferromagnetic waveguide materials with moderate Gilbert damping (and thus shorter spin wave attenuation lengths) than ultralow-damping single-crystal YIG that has been used for mm-size trident-based spin wave majority gate realisations [24] . YIG suffers from temperature-dependent low saturation magnetisation, low spin wave group velocities, and very long spin wave lifetimes [27] , leading to low computation throughput. Moreover, (Fig. 1c) . In such narrow waveguides, the mode patterns of confined spin waves deviate significantly from the plane waves employed in previous macroscopic spin wave majority gate implementations [24] due to the nonuniformity of the static magneti-sation and the internal effective field in the commonly-used Damon-Eshbach configuration [34] . Micromagnetic simulations in Fig. 1d [28] [29] [30] [31] . In this work, we employ inductive microwave antennas [32] as both input and output ports because they combine high maturity and robustness with broadband excitation and detection of spin waves [33] . For all-electrical operation of spin wave majority gates, U-shaped antennas were used because of their low parasitic crosstalk. By contrast, spin wave majority gate imaging by time-resolved scanning transmission x-ray microscopy was performed using more compact single wire antennas.
Details about the antenna design can be found in the supplementary information. In all experiments, the waveguides were magnetised transversally in the Damon-Eshbach configuration [34] using an external magnetic bias field. This configuration leads to spin waves with large group velocities (of the order of 5-10 µm/ns for our Co 40 Fe 40 B 20 waveguides), which efficiently couple to the microwave antennas at the input and output ports.
Time-resolved imaging of spin-wave majority gate operation. input ports to the output port, leading to matched phases both at the individual inputs and the output.
The operation of an inline spin wave majority gate can be visualised by imaging the magnetisation dynamics in the waveguide by time-resolved scanning transmission x-ray microscopy. In these experiments, spin waves are excited in a 2.0-µm-wide permalloy waveguide by microwave currents in three input antennas P 1 , P 2 , and P 3 , each separated by a distance and without the need to convert the spin wave signal back into the microwave domain. This is a highly desirable property for the design of more complex spin wave circuits. Adding additional output ports at other positions where the output waves are in phase can increase the fan-out even more. Inverting output ports are also possible at positions where the spin waves accumulate an additional phase shift of π. We note that the observed nonreciprocity of the spin wave intensity is a consequence of the chirality of the exciting magnetic field generated by the inductive antennas and can be avoided by using other types of spin waves, such as forward volume spin waves, or nonchiral spin wave transducers, e.g. magnetoelectric transducers [35] . However, as long as spin wave attenuation is small, the nonreciprocity does not affect device operation and fan-out.
All-electrical spin wave engineering. Building spintronic logic gates based on spin wave interference requires the quantitative assessment of the spin wave properties such as their dispersion relation and their propagation loss to allow for the control of both the amplitude and the phase of the spin waves at the output port. This can be achieved by a series of all-electrical two-port microwave measurements, in which spin waves are excited at an input port and, after propagation, analysed with phase sensitivity at the output port. The phase-sensitive spin wave transmission can then be inferred from the bias-field derivative of the microwave S 21 -parameter, dS 21 /dH ext , as shown in Fig. 3a for a 850-nmwide Co 40 Fe 40 B 20 waveguide using P 3 as input and O as output port at a distance of 6.9
µm.
The shape of the transmitted signal can be understood as follows: during propagation over a distance r between input and output port, the spin wave phase rotates by a factor e ikr , with k = wavelength range with respect to N = 1 and is therefore favourable. At the corresponding frequency of 13.86 GHz (at a transverse magnetic bias field of µ 0 H ext = 90 mT, see Fig. 3b ),
we explore all combinations of logical levels (input phases of 0 or π) and extract the phase at the output by analysing both the real and imaginary parts of the S 21 -parameter (Fig. 3c) to successfully construct the full logic truth table of the majority function. All output states in this spin wave majority gate can be clearly distinguished within a frequency band of about 250 MHz around the target frequency (Fig. 3d) . The clear separation between levels-including weak and strong majority cases-indicates that the device concept can be extended to n-input spin wave majority gates with n > 3 by adding additional input ports.
Reconfigurability of spin wave majority gates: ports as interchangeable inputs and outputs. Due to its symmetry, the inline spin wave majority gate can be used in a flexible way and any port can be chosen to be the output. Figure 4 illustrates two possible configurations: a first configuration with one of the outer antennas as the output port (Fig. 4a , as in all experiments described above), or an alternative second implementation when the output is one of the inner antennas (Fig. 4b) waveguide with an interport spacing of 2F = 2.3 µm, the experimental spin wave transmission signals for these configurations (Fig. 4) demonstrate that the majority gate works equally well within a frequency band of more than 300 MHz when the roles of the ports are swapped. Similar to the case of fan-out discussed above, the behaviour is affected in this device design by the nonreciprocity of the spin wave excitation in the Damon-Eshbach geometry and thus the spin wave intensities need to be adjusted when changing configurations. However, as mentioned before, such issues can be avoided by using other types of spin waves, such as forward volume spin waves, or nonchiral spin wave transducers.
Frequency-division multiplexing and operation at sub-µm wavelengths. The usage of waves for computation allows for frequency-division multiplexing and parallel computation in a majority gate with fixed geometry, enabling a larger computational throughout without additional area consumption. At low excitation powers, spin waves are noninteracting and different frequency channels can thus be used independently for logic operations. Additional logic functions can also be implemented in the same device using different frequency bands. Using a wavelength of λ = 4F leads to accumulated phases of the three spin waves upon propagation of π, 2π, and 3π, respectively, which implements the logic function MAJ (¬ϕ 1 , ϕ 2 , ¬ϕ 3 ), as illustrated in Fig. 5a at a frequency of 9.9 GHz. Note that the ports are still interchangeable and that "odd higher harmonics" (λ = ) leads to the truth table of the majority function (Fig. 6b) . Again, higher harmonics can provide the same logic function and enable frequency-division multiplexing (Fig. 6a) . These results show how the wave nature of the information carrier can be exploited to obtained parallel computation of identical or different logic functions in a single device.
Conclusion. These results demonstrate the robust operation of an inline spin wave majority gate using inductive microwave antennas as transducers between spin wave and electrical domains, and coding information in the phase of the spin waves. Imaging the magnetisation dynamics using time-resolved scanning transmission x-ray microscopy allowed for the reconstruction the full truth table of the majority function from the phase of the output wave with a clear distinction between strong and weak majority and a fan-out of two. All-electrical measurements using a vector-network analyser confirmed the behavior for sub-µm-wide waveguides and demonstrated that the intrinsic symmetry of the device allows for the reconfiguration of the device in the sense that any of the four ports can be chosen as the output.
The wave nature of the information carriers can be further exploited in several ways.
Using different frequency bands allowed us to demonstrate frequency-division multiplexing in a single device, leading to improved throughput without increasing the area of the spin wave circuit. This allows for a flexible design of circuits with both frequency-division multiplexing capability and favourable dimensional scaling. Selecting proper operation frequencies enabled the calculation of different logic functions in the same device at different frequencies, including the parallel calculation of the majority and minority functions.
The results indicate that such inline majority gates are promising as the foundation of a future spin-wave-based ultralow-power superscalar vector computing platform. Achieving much lower computation power than current CMOS technology will require the usage of nonchiral spin wave transducers with higher energy efficiency, such as magnetoelectric transducers. In addition to applications in future spin wave computing technology, the generic devices can also be used to understand novel fundamental phenomena of spin waves in confined dimensions [37] , including nonlinear interactions between different spin waves that occur at higher intensities. As the computing applications, such studies will greatly benefit from the flexibility as well as the scalability of the device design, including the ability to reach sub-µm waveguide sizes and spin wave wavelengths. Time-resolved scanning transmission x-ray microscopy. Time-resolved scanning transmission x-ray microscopy measurements were carried out at the MAXYMUS end station at the UE46-PGM2 beamline at the Bessy II synchrotron within the Helmholtz-Zentrum Berlin.
The samples were illuminated under perpendicular incidence by circularly polarised light in an external in-plane magnetic bias field of up to µ 0 H ext = 240 mT that was generated by a set of four rotatable permanent magnets [38] . The photon energy was set to the absorption maximum of the Fe L 3 edge to get optimal contrast for imaging. A lock-in-like detection scheme allowed for the measurement of the magnetisation dynamics-and in particular spin waves-excited at microwave frequencies with a time resolution of 50 ps using all photons emitted by the synchrotron. Input signals were provided by an arbitrary waveform generator, allowing for the independent control of both amplitude and phase of multiple microwave excitation channels. Further details on the detection and data analysis scheme can be found in [39] .
All-electrical microwave measurements. Spin waves were both excited and detected using a vector network analyser (VNA). The three input antennas were connected to the single output channel of the VNA using two power dividers and variable attenuators to equalise the amplitudes of the microwave signals at each input port. To demonstrate the functionality of the spin wave majority gate, the relative phases at each port were then set by external delay-based phase shifters at the target frequency. The output antenna of the spin wave majority gate was connected to the receiver of the VNA. More details on the measurement system and the circuit behaviour can be found in the supplementary information.
Micromagnetic simulations. Micromagnetic simulations have been performed using the object-oriented micromagnetic framework (OOMMF) software package [40] . The geometry and the magnetic material parameters were chosen to correspond to experimental spin wave majority gates with Co 40 Fe 40 B 20 waveguides. The saturation magnetisation was assumed to be 1.36 MA/m, the exchange stiffness constant was 18.6 pJ/m, the Landé g factor was 2.07 [41] , and the Gilbert damping was 4 × 10 −3 . These parameters led to dispersion relations in
